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SYNCHRONIZING DATA FROM DIFFERENT
CLOCK DOMAINS BY BRIDGES ONE OF
THE CLOCK SIGNALS TO APPEAR TO RUN
AN INTEGER OF CYCLES MORE THAN THE
OTHER CLOCK SIGNAL

TECHNICAL FIELD

This specification relates generally to synchronizing data
from different (e.g., asynchronous) clock domains.

BACKGROUND

Circuitry, such as automatic test equipment (ATE), may
operate using different clock domains. For example, circuits
implemented 1 a field-programmable gate array (FPGA)
may operate at a slower clock frequency than circuits imple-
mented using other technology. In another example, logic that
1s computationally intensive, such as a microprocessor, may
not be able to run as fast as a system pipeline clock. Timing,
problems can result 1f slower-frequency circuits are 1mcorpo-
rated 1nto a pipeline with higher-frequency circuits, particu-
larly i1t the two frequencies do not resolve (e.g., they are
asynchronous).

SUMMARY

An example apparatus for synchronizing data between dii-
terent clock domains comprises: first circuitry configured to
operate at a first frequency; second circuitry configured to
operate at a second frequency that 1s different from the first
frequency, where the second circuitry 1s for receiving mnput
from, and for providing output to, the first circuitry; and logic
that bridges the first circuitry and the second circuitry. The
logic 1s to enable the second circuitry to appear to run an
integer number of cycles of the first frequency, and performs
operations that include recerving first signals at the first fre-
quency and generating second signals at the second fre-
quency, where the second signals are for triggering operations
performed by the second circuitry. The example apparatus
comprises a bullfer circuit bridging the first circuitry and the
second circuitry. The bulfer circuit comprises a first-in first-
out circuit comprising an input terminal to recerve data from
the second circuitry in accordance with a second signal output
by the logic and the second frequency and an output terminal
to output the data 1n accordance with a first signal and the first
frequency. The example apparatus may include one or more
of the following features, either alone or in combination.

The logic may comprise a counter comprising: an up-
counter circuit to count a number of the first signals; a pulse
generator circuit to generate a pulse 1n response to reaching
the number of the first signals, where the pulse has a width
that exceeds a period of the second frequency; and an up-
down-counter circuit to recerve the pulse, to increment a
count by the number, and to down-count from the number
until reaching zero, where the down-counter outputs a second
signal when the count 1s non-zero. The butifer circuit may be
configured to output the data synchronously with the first
frequency and an integer number of cycles behind an 1n1tially-
received first signal at the logic.

The second circuitry may comprise: memory to store
opcodes and operands at various addresses; and a processing
device that 1s configured to operate at the second frequency
and 1n accordance with an enable signal to identily an address
of the memory and to output, to the builer circuit, an address
of the memory as the data. The buller circuit may be config-
ured to output the address synchronously with the enable
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signal at the first frequency. The first circuitry may comprise
a delay element to receiwve the enable signal, to delay the
enable signal a number of clock cycles, and to output the
enable signal delayed to the bulfer circuit. The processing
device may comprise a sequencer for a pattern generator.

The second circuitry may comprise a processing device
that 1s configured to operate at the second frequency and in
accordance with an enable signal to output the data to the
butler circuit. The butier circuit may be configured to output
the address synchronously with the enable signal at the first
frequency.

The buflfer circuit may be a first buffer circuit and the
apparatus may comprise a second builer circuit bridging the
first circuitry and the second circuitry, where the second
butiler circuit comprises a first-in first-out circuit comprising,
an 1input terminal to receive data from the first circuitry at the
first frequency and an output terminal to output the data to the
processing device 1 accordance with a second signal output
by the logic and the second frequency.

The first circuitry may comprise a delay element to receive
the enable signal, to delay the enable signal a number of clock
cycles, and to output the enable signal delayed to the first
butlfer circuit.

The apparatus may comprise a third butfer circuit bridging
the first circuitry and the third circuitry, where the third butier
circuit comprises a first-in first-out circuit comprising an
input terminal to receive the enable signal from the first cir-
cuitry at the first frequency and an output terminal to output
the enable signal to the third circuitry in accordance with a
second signal output by the logic and the second frequency.
The apparatus may comprise a fourth buffer circuit bridging
the first circuitry and the second circuitry, where the fourth
builer circuit comprises a first-in first-out circuit comprising,
an mput terminal to receive a tlag signal from the first cir-
cuitry at the first frequency and an output terminal to output
the flag signal to the second circuitry in accordance with a
second signal output by the logic and the second frequency.

The processing device may comprise a sequencer for a
pattern generator. The first frequency may be greater than the
second frequency. The second frequency may be greater than
the first frequency. The first frequency and the second cir-
cuitry may be asynchronous.

The first circuitry and the second circuitry together may be
part of automatic test equipment; and the second circuitry
may comprise a pattern generator for use 1n the automatic test
equipment.

Any two or more of the features described 1n this specifi-
cation, including 1n this summary section, can be combined to
form 1implementations not specifically described herein.

The apparatus described herein, or portions thereot, can be
implemented as/controlled by a computer program product
that includes instructions that are stored on one or more
non-transitory machine-readable storage media, and that are
executable on one or more processing devices to control (e.g.,
coordinate) the operations described herein. The apparatus
described herein, or portions thereol, can be implemented as
a system, a method, or an electronic system that can include
one or more processing devices and memory to store execut-
able 1structions to implement various operations.

The details of one or more implementations are set forth 1n
the accompanying drawings and the description below. Other
teatures and advantages will be apparent from the description

and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an example of circuitry in different clock
domains.

FIG. 2 1s an example of a timing diagram showing an
example operation of the circuitry of FIG. 1.
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FIG. 3 1s an example of an ATE test system.

FIG. 4 1s an example of circuitry included in the ATE.

Like reference numerals 1n different figures indicate like
clements.

DETAILED DESCRIPTION

FIG. 1 shows an example of a circuitry 10 that includes two
clock domains that operate asynchronously. Circuitry 10 may
be part of any type of apparatus or system, examples of which
are provided below. Circuitry 10 may be, or include, logic
clements and/or other types of circuitry.

Circuitry 10 includes a first clock domain 11 that operates
at a first frequency, and a second clock domain 12 that oper-
ates at a second frequency. In this example implementation,
the first frequency 1s higher than the second frequency; how-
ever, 1n other example implementations, the second fre-
quency may be higher than the first frequency. Accordingly,
the processes described herein may be used to translate from
both low-to-high frequency clock domains and high-to-low
frequency clock domains.

In example circuitry 10, the second clock domain 1s part of
a pipeline within the first clock domain. In this example,
second clock domain 12 receives mput from the first clock
domain 11, performs processing of that input, and generates
an output back to the first clock domain. The clocks 1n the first
and second domains do not resolve, meaming that the clock 1n
the first domain does not run synchronously with the clock in
the first domain. Accordingly, circuitry 10 includes features
for synchronizing operation of the second clock domain to the
first clock domain so that, from the perspective of the first
clock domain, the operation of the second clock domain
appears to occur within an integer number of cycles of the first
clock domain. As a result, the output from the second clock
domain to the first clock domain i1s synchronous with other

circuitry operating in the first clock domain.

In example circuitry 10, first clock domain 11 operates at
400 MHz and second clock domain 12 operates at 275 MHz.
However, 1in other implementations, the first and second clock
domains may operate at frequencies that are different than
these.

In example circuitry 10, first clock domain 11 includes
phase-locked-loop (PLL) circuit 14 and delay circuit 15
(PROC EN DELAY ). PLL 14 generates the clock signal for
the first clock domain (clk_fast), which operates at 400 MHz,
and the clock signal for the second clock domain (clk_slow),
which operates at 275 MHz, from a reference clock frequency
(clk_ref). In this example implementation, the reference
clock frequency 1s 100 MHz; however, 1n other implementa-
tions, the reference clock frequency may have another value.
Use of acommon reference clock reduces the chances that the
clock signals for the first and second clock domains will drift
either closer together or farther apart.

Delay circuit 15 may include one or more butlers or other
appropriate circuitry for delaying an input signal a number of
cycles 1n the first clock domain. As noted above, from the
perspective of first clock domain 11, the operation of second
clock domain 12 appears to occur within an integer number of
cycles of the first clock domain (even though, internally, the
second clock domain operates asynchronously from the first
clock domain). In some implementations, the number of
cycles by which the mput 1s delayed by delay circuit 135
corresponds to (e.g., 1s equivalent to or a multiple of) the
integer number of cycles during which the circuitry in the
second clock domain appears to operate. The mnputs to, and
outputs of, delay circuit 15 are described in more detail below.

[
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In some implementations, second clock domain 12
includes processing circuitry 16, such as a sequencer or other
type of processing device. Processing circuitry 16 operates at
the second clock frequency (e.g., 275 MHz) to obtain data and
to output the data to output interface circuitry to the first clock
domain.

In some implementations, the interface circuitry between
the first and second clock domains includes a counter 17 and
one or more buifers 19 to 22. As described below, the mput
and output of each butler are capable of operating at different
clock frequencies corresponding to the first and second clock
domains.

Counter 17 bridges the first and second clock domains.
Counter 17 1s configured to receive a number of signals at the
first frequency and to generate signals for the second clock
domain. These signals for the second clock domain are for
triggering circuits within the second clock domain to perform
operations. For example, the signals may be triggers to
advance pipeline operations (e.g., movement of date, compu-
tations, and so forth) 1n the second clock domain.

In an example implementation, counter 17 includes an
up-counter circuit, a pulse generator, and an up-down-counter
circuit. The up-counter circuit may operate to count a number
of signals (e.g., advance_fast) input from the first clock
domain. The pulse generator circuit may generate a pulse 1n
response to reaching a number of the signals (e.g., two such
signals). The pulse may have a width that exceeds a period of
the first clock so that 1t can be 1dentified 1n the second clock
domain. For example, the resulting pulse may be bigger than
the period of the second clock. For example, the pulse may be
two, three, four or more times the period of the clock signal
for the second time domain.

The up-down-counter circuit may operate to recerve the
pulse, to increment a count (e.g., by two), and then to down-
count from that 1nitial count towards zero. During the down-
count, the up-down-counter circuit may output, to the cir-
cuitry in the second clock domain, a signal (e.g.,
advance_slow) based the second clock signal (e.g.,
clk_slow). So, for example, 11 the up-counter receives two
signals (e.g., advance_1fast) from the first clock domain, the
up-down-counter may output a corresponding signal (e.g.,
advance_slow) to the circuitry 1n the second clock domain so
long as the count 1s non-zero, as described below. In other
implementations, the counter may operate differently than
this.

In some implementations, counter 17 includes a first
counter that 1s only an up-counter. For example, every time a
pipeline_advance signals 1s received in the first clock domain,
the up-counter counts-up by one. In some 1implementations,
every time a value of two 1s reached, the up-count is set to zero
and a pulse 1s fired (e.g., by a pulse generator circuit) that 1s
wide enough to be synchronized 1n the second clock domain.
That pulse then passes through a one-shot circuit 1n the sec-
ond clock domain, which may also be part of counter 17. The
arrival of the one-shot pulse increments an up-down counter,
which 1s also part of counter 17, by two. For every cycle that
the count 1s non-zero, the up-down counter decrements the
count by one. In this implementation, it 1s possible to achieve
an increment and a decrement 1n the same cycle, in which case
the result (1n this example) would be a count of “count plus
two minus one” or just “count plus one”. This 1s described in
more detail below with respect to FIG. 2.

In some 1mplementations, counter 17 need not have the
specific implementations described above, but rather may
include any logic, such as that described above, that enables
circuitry (e.g., logic) in the second clock domain to appear run
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an 1mteger number of cycles of the clock for circuitry (e.g.,
logic) 1n the first clock domain.

In some implementations, buifer 22 (Proc Data FIFO) 1s a
circuit that bridges the first clock domain and the second
clock domain. Buifer 22 may include a first-in first-out
(FIFO) circuit comprising an mput terminal to receive data
(e.g., proc_data) from circuitry (e.g., processing circuitry 16)
in the second clock domain 1n accordance with a signal (e.g.,
advance_slow) output to the second clock domain by counter
17 and the second clock signal (e.g., clk_slow), and an output
terminal to output the data (e.g., proc_data) 1n accordance
with a signal (e.g., advance_fast & proc_enable_dly) received
from circuitry 1n the first clock domain and the first clock
signal (e.g., clk_fast). Generally, a FIFO circuit includes any
type of circuit in which data 1s queued such that the first data
to arrive 1n the bulter 1s the first data to exit the bufler, and
subsequent data exits the builer in the order that 1t arrived.

In an example implementation, bufier 21 (DATA FIFO)
bridges the first clock domain 11 and the second clock
domain. Builer 21 may be a first-in first-out circuit compris-
ing an input terminal to receive data (e.g., data) from the
circuitry 1n the first clock domain in accordance with a signal
(e.g., advance_{1ast) and the first clock signal (e.g., clk_{fast)
and an output terminal to output the data (e.g., data) to pro-
cessing circuitry 16 (or any other appropriate circuitry in the
second clock domain) in accordance with a signal (e.g.,
advance_slow) output by counter 17 and the second clock
signal (e.g., clk_slow). The data received and output by butfer
21 may be any type of data that can pass through the second
clock domain pipeline. In some 1mplementations, the data
may relate to testing, as described below.

In an example mmplementation, bufifer 19 (PROC EN
FIFO) bridges the first clock domain 11 and the second clock
domain. Builer 19 may be a first-in first-out circuit compris-
ing an nput terminal to receive an enable signal (e.g., pro-
c_enable) from the circuitry 1n the first clock domain 1n accor-
dance with a signal (e.g., advance_fast) and the first clock
signal (e.g., clk_fast) and an output terminal to output the
enable signal (e.g., proc_enable) to processing circuitry 16
(or any other appropriate circuitry in the second clock
domain) in accordance with a signal (e.g., advance_ slow)
output by counter 17 and the second clock signal (e.g.,
clk_slow). In some examples, the enable signal (e.g., pro-
c_enable) 1s a start signal, which enables operation of the
circuitry to which 1t 1s applied.

In an example implementation, buifer 20 (FLAG FIFO)
bridges the first clock domain 11 and the second clock
domain. Builer 20 may be a first-in first-out circuit compris-
ing an 1mnput terminal to recerve a flag signal (e.g., flag) from
the circuitry 1n the first clock domain 1n accordance with a
signal (e.g., advance fast) and the first clock signal (e.g.,
clk_fast) and an output terminal to output the tlag signal (e.g.,
flag) to processing circuitry 16 (or any other appropriate
circuitry 1n the second clock domain) 1n accordance with a
signal (e.g., advance_slow) output by counter 17 and the
second clock signal (e.g., clk_slow). In some examples, the
flag signal 1s a signal that retlects a condition, such as an error
condition, a status, or other information, and may affect
operation of the processing device.

In other implementations, there may be at least some addi-
tional and/or different circuitry bridging the first and second
clock domains; at least some additional and/or different cir-
cuitry within the first clock domain; and/or at least some
additional and/or different circuitry within the second clock
domain.

FIG. 2 shows an example of timing diagrams that depict
operation of the example circuitry shown in FIG. 1. For
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example, FIG. 2 shows clk_fast 30 at 400 MHz and clk_slow
31 at 275 MHz. As shown, the two frequencies do not resolve,
meaning that they are asynchronous.

Counter 17 recerves advance fast 32 from the first clock
domain and generates advance_slow 34 1n the second clock
domain. This 1s described below. Proc_en_fifo_1n 35 1s mput
to buller 19 accordance with the rising edge of advance_fast
32, and corresponding proc_en_{ifo_out 36 is output from
butiter 19 to the second clock domain 1n accordance with the
rising edge of advance_slow 34. In other implementations,
proc_en_fifo_in 35 1s mput to butler 19 on rising edges of
clk_fast when the advance_fast signal 1s high. In such other
implementations, the timing diagram would look different
than that shown 1n the figure.

In this example, counter 17 operates as follows. Whenever
two advance_fast signals are detected, counter 17 increments
to two (up_down_count 37) on the rising edge of clk_slow. In
the example of FI1G. 2, two advance_{fast signals 32a, 3256 are
detected, counter 17 increments to two 37a (up_down_ count)
on the rising edge of clk_slow 31a. In other implementations,
a value other than two may be used. Whenever up_down_
count 1s non-zero, advance_ slow 34 has a value of one, and
whenever up_down_count 1s zero, advance_slow 34 has a
value of zero.

Next, counter 17 decrements up_down_count 37 by one, to
produce a value of one 37b. Next, counter decrements
up_down_count by one; however, because there were two
advance_{fast signals 32c¢, 32d counted, at the same time
counter increments up_down_count by two at the rising edge
of clk_slow 315, resulting 1n a value of two 37¢. Next, counter
17 decrements up_down_count by one, to produce a value of
one 37d4. Next, counter 17 decrements up_down_count by
one, to produce a value of zero 37¢. Therelore, at this time,
advance_slow goes to zero 34a. In this example, the sixth
rising edge 32¢ of advance fast 1s too close 1 time to
clk_slow 31c for the rising edge of clk_slow 31c¢ to trigger
operation; accordingly, advance_slow goes to zero. Accord-
ingly, as 1n this example, every advance_fast signal 1s not
always picked-up by a corresponding clk_slow pulse. On the
next rising edge of clk_slow 31/, up_down_count returns to
two 37/, to account for the two preceding advance_slow
pulses 32e, 32/. Accordingly, on the next rising edge of
clk_slow 31g, advance_slow goes to a value of one 345.

In this example, data_fifo_out 39 1s output from buffer 21
to second clock domain 12 1n response to receipt of, and rising
edges of, advance_slow 34c¢ and clk_slow 31m. The output
data (data_{ifo_out 40) 1s shown 1n FIG. 2.

In this example, a flag low (flag_fifo_1in 41 in the first clock
domain and flag_{fifo_out 42 1n the second clock domain)
istructs processing circuitry 16 to perform a first type of
processing and a tlag high instructs processing circuitry 16 to
perform a second, different type of processing. Data pro-
cessed using the first type of processing 1s 1dentified using a
‘(e.g., A’) and data processed using the second type of pro-
cessing 1s 1dentified using a “(e.g., C).

In this example, tlag high 41a coincides with data element
“C” 394 1n the FIFOs and, therefore, flag_fifo_out high 42qa
coincides with data_fifo_out element “C” 40a. The process-
ing performed by processing circuitry 16 generates the data
proc_data_fifo_in 44, which 1s the input to buifer 22. Because
the flag was high at data element “C”, and low for all other
data elements, “C” 1s identified as C" proc_data_{ifo_in 44,
whereas data elements A, B, D, E, etc. in proc_data_{ifo_1in 44
are 1dentified as A", B', D', E', etc.

In FIG. 2, clk_fast 30 and advance fast 32 are shown twice
(at top and near bottom). As shown i FIG. 2, proc_
data_{fifo_1in 44 appears at the input to buifer 22 after about
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four advance fast signals (32a, 32b, 32¢, 32d). Since
proc_data_{ifo_in 44 appears after about four cycles of
advance_fast 32, the delay of delay circuit 15 1s set to provide
a delay that exceed four cycles of advance_fast. In this
example, that delay 1s set to si1x cycles of advance_1fast. Nota-
bly, the values of four and six are simply examples for this
implementation; any values may be used depending on the
particular circuit implementation.

In this example, data (proc_data_{ifo_out 46) 1s read-out of
butiler 22 at the rising edge of clk_{fast 30 when advance_{fast
32 and proc_en_delayed 47 are both high (after six cycles).
This 1s shown at point 49 1n the timing diagram. Accordingly,
in this example, the output from the second clock domain 12
appears at s1x advance_1fast pulses. That output 1s thus syn-
chronous to other signals 1n the first clock domain, and an
integer number of cycles (here, s1x cycles) behind an 1nitially-
received advance_{fast signal at counter 17.

In an example implementation, the first and second clock
domains are part of a pattern generator for automatic test
equipment. In such implementations, the second clock
domain may include memory to store opcodes and operands
at various addresses. Processing circuitry 16 implements a
sequencer, which 1s configured to operate at the frequency of
the second clock domain and in accordance with an enable
signal, to 1dentity an address of the memory and to output, to
buffer 22, an address of the memory as the output data (in-
stead of the data from buitter 21). Buffer 22 1s configured to
output the address synchronously with the enable signal at a
frequency of the first clock domain. Circuitry (now shown)
downstream from the pattern generator use the addresses and
enable signal output by the delay circuit (which are both
synchronous) to access data by which to generate test signals.

The pattern generator may be part of pin electronics to
generate test signals for automatic test equipment, such as
that described below. In this regard, to test quantities of com-
ponents, manufacturers commonly use ATE (or “testers™).
ATE refers to an automated, usually computer-driven, system
for testing devices, such as semiconductors, electronic cir-
cuits, and printed circuit board assemblies. A device tested by
ATE 1s referred to as a device under test (DUT).

ATE typically includes a computer system and a testing
device or a single device having corresponding functionality.
ATE 1s capable of providing test signals to a DUT, recetving
response signals from the DUT, and forwarding those
response signals for processing to determine whether the
DUT meets testing qualifications. In some implementations,
ATE automatically generates input signals to be applied to a
DUT, and monitors output signals. The ATE compares the
output signals with expected responses to determine whether
the DUT 1s defective.

Referring to FIG. 3, an example ATE system 30 for testing,
a DUT 58, such as a semiconductor device, includes a tester
52. To control tester 52, system 50 includes a computer sys-
tem 54 that interfaces with tester 52 over a hardwire connec-
tion 56. In an example operation, computer system 54 sends
commands to tester 52 to 1nitiate execution of routines and
functions for testing DUT 58. Such executing test routines
may 1nitiate the generation and transmission of test signals to
the DUT 58 and collect responses from the DUT. Various
types of DUTs may be tested by system 50. For example,
DUTs may be semiconductor devices such as an integrated
circuit (IC) chip (e.g., memory chip, microprocessor, analog-
to-digital converter, digital-to-analog converter, etc.) or other
devices.

To provide test signals and collect responses from the DU,
tester 52 1s connected to an interface to the mternal circuitry
of DUT 58. For example, the DUT may be inserted into a
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socket 1n the tester, which contains interfaces to electrical
connections between the DUT and the tester. A conductor 60

(e.g., one or more conductive pathways) 1s connected to the

interface and 1s used to deliver test signals (e.g., switching or
DC test signals, etc.) to the internal circuitry of DUT 58.
Conductor 60 also senses signals 1n response to the test sig-
nals provided by tester 52. For example, a voltage signal or a
current signal may be sensed at pin 62 in response to a test
signal and sent over conductor 60 to tester 52 for analysis.
Such single port tests may also be performed on other pins
included in DUT 38. For example, tester 52 may provide test
signals to other pins and collect associated signals reflected
back over conductors (that deliver the provided signals). By
collecting the reflected signals, the input impedance of the
pins may be characterized along with other single port testing
quantities. In other test scenarios, a digital signal may be sent
over conductor 60 to pin 62 for storing a digital value on DUT
58. Once stored, DUT 58 may be accessed to retrieve and send
the stored digital value over conductor 60 to tester 52. The
retrieved digital value may then be i1dentified to determine 1
the proper value was stored on DUT 38.

Along with performing single port measurements, a two-
port or multi-port test may also be performed by tester 52. For
example, a test signal may be mjected over conductor 60 into
pin 62 and a response signal may be collected from one or
more other pins of DUT 58. This response signal may be
provided to tester 52 to determine quantities, such as gain
response, phase response, and other throughput measurement
quantities.

Referring also to FIG. 4, to send and collect test signals
from multiple connector pins of a DUT (or multiple DUTSs),
tester 52 includes an interface card 64 that can communicate
with numerous pins. For example, interface card 64 may
transmit test signals to, e.g., 32, 64, or 528 pins and collect
corresponding responses. Each communication link to apinis
typically referred to as a channel and, by providing test sig-
nals to a number of channels, testing time 1s reduced since
multiple tests may be performed simultaneously. Along with
having many channels on an interface card, by including
multiple interface cards i tester 52, the overall number of
channels increases, thereby further reducing testing time. In
this example, two additional interface cards 66 and 68 are
shown to demonstrate that multiple interface cards may popu-
late tester 52.

Each interface card includes one or more dedicated inte-
grated circuit (IC) chips (e.g., an application specific inte-
grated circuit (ASIC)) for performing particular test func-
tions. For example, interface card 64 includes IC chip 70 for
performing pin electronics (PE) tests. Specifically, IC chip 70
has a PE stage 74 that includes circuitry for performing PE
tests. Additionally, interface cards 66 and 68 respectively
include IC chips 76 and 78 that include PE circuitry. Typi-
cally, PE testing involves sending switching test signals, or
digital wavetorms, to a DUT (e.g., DUT 38) and collecting
responses to further characterize the performance of the DUT.
For example, IC chip 70 may transmit (to the DUT) switching
test signals that represent a vector of binary values for storage
on the DUT. Once these binary values have been stored, the
DUT may be accessed by tester 52 to determine if the correct
binary values have been stored. Since digital signals typically
include abrupt voltage transitions, the circuitry 1n PE stage 74
on IC chip 70 operates at a relatively high speed 1n compari-
son to the other test circuitry (e.g., parametric measurement
unmit (PMU) circuitry, which 1s not shown 1n the figures). PE
testing may also involve adding jitter to test signals and
observing DU operation 1n the presence of the jitter.
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In this example implementation, to pass test signals from
interface card 64 to DUT 58, one or more conducting traces
80 connect IC chip 70 to an interface board connector 82 that
allows signals to be passed on and off interface board 64.
Interface board connector 82 1s also connected to one or more
conductors 84 that are connected to an interface connector 86,
which allow signals to be passed to and from tester 52. In this
example, conductor(s) 60 are connected to interface connec-
tor 86 for bi-directional signal passage between tester 52 and
pins of DUT 38. In some implementations, an interface
device may be used to connect one or more conductors from
tester 52 to the DUT. For example, the DUT (e.g., DUT 58)
may be mounted onto a device interface board (DIB) for
providing access to each DUT pin. In such an arrangement,
conductor(s) 60 may be connected to the DIB for placing test
signals on the appropriate pin(s) (e.g., pin 62) of the DUT.

In some 1implementations, conducting trace(s) 80 and con-
ductor(s) 84 respectively connect IC chip 70 and interface
board 64 for delivering and collecting signals. IC chip 70
(along with IC chips 76 and 78) may have multiple pins (e.g.,
eight, sixteen, etc.) that are respectively connected with mul-
tiple conducting traces and corresponding conductors for pro-
viding and collecting signals from the DUT (e.g., via a DIB).
Additionally, 1n some implementations, tester 32 may con-
nect to two or more DIB’s for interfacing the channels pro-
vided by interface cards 64, 66, and 68 to one or multiple
devices under test.

To 1mitiate and control the testing performed by interface
cards 64, 66, and 68, tester 52, PE control circuitry 90 pro-
vides test parameters (€.g., test signal voltage level, test signal
current level, digital values, etc.) for producing test signals
and analyzing DUT responses. The PE control circuitry may
be implemented using one or more processing devices.
Examples of processing devices include, but are not limited
to, a microprocessor, a microcontroller, programmable logic
(c.g., a field-programmable gate array), and/or combin-
ation(s) thereof. Tester 52 also includes a computer interface
92 that allows computer system 54 to control the operations
executed by tester 52 and also allows data (e.g., test param-
cters, DUT responses, etc.) to pass between tester 52 and
computer system 34.

While this specification describes example implementa-
tions related to “testing” and a “test system,” the devices and
method described herein may be used in any appropriate
system, and are not limited to test systems or to the example
test systems described herein.

Testing performed as described herein may be imple-
mented using hardware or a combination of hardware and
software. For example, a test system like the ones described
herein may include various controllers and/or processing
devices located at various points. A central computer may
coordinate operation among the various controllers or pro-
cessing devices. The central computer, controllers, and pro-
cessing devices may execute various soltware routines to
eifect control and coordination of testing and calibration.

Testing can be controlled, atleast in part, using one or more
computer program products, €.g., one or more computer pro-
gram tangibly embodied in one or more information carriers,
such as one or more non-transitory machine-readable media,
for execution by, or to control the operation of, one or more
data processing apparatus, €.g., a programmable processor, a
computer, multiple computers, and/or programmable logic
components.

A computer program can be written 1n any form of pro-
gramming language, including compiled or mterpreted lan-
guages, and 1t can be deployed 1n any form, imncluding as a
stand-alone program or as a module, component, subroutine,
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or other unit suitable for use 1n a computing environment. A
computer program can be deployed to be executed on one
computer or on multiple computers at one site or distributed
across multiple sites and interconnected by a network.

Actions associated with implementing all or part of the
testing and calibration can be performed by one or more
programmable processors executing one or more computer
programs to perform the functions described herein. All or
part of the testing and calibration can be implemented using
special purpose logic circuitry, e.g., an FPGA (field program-
mable gate array) and/or an ASIC (application-specific inte-
grated circuit).

Processors suitable for the execution of a computer pro-
gram include, by way of example, both general and special
purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor will
receive mstructions and data from a read-only storage area or
a random access storage area or both. Elements of a computer
(including a server) include one or more processors for
executing instructions and one or more storage area devices
for storing 1nstructions and data. Generally, a computer will
also include, or be operatively coupled to receive data from,
or transfer data to, or both, one or more machine-readable
storage media, such as mass PCBs for storing data, e.g.,
magnetic, magneto-optical disks, or optical disks. Machine-
readable storage media suitable for embodying computer pro-
gram instructions and data include all forms of non-volatile
storage area, including by way of example, semiconductor
storage area devices, e.g., EPROM, EEPROM, and flash stor-
age area devices; magnetic disks, e.g., internal hard disks or
removable disks; magneto-optical disks; and CD-ROM and
DVD-ROM disks.

Any “electrical connection™ as used herein may imply a
direct physical connection or a connection that includes inter-
vening components but that nevertheless allows electrical
signals to tlow between connected components. Any “con-
nection” nvolving electrical circuitry mentioned herein,
unless stated otherwise, 1s an electrical connection and not
necessarilly a direct physical connection regardless of
whether the word “electrical” 1s used to modity “connection”.

Elements of different implementations described herein
may be combined to form other embodiments not specifically
set forth above. Elements may be left out of the structures
described herein without adversely affecting their operation.
Furthermore, various separate elements may be combined
into one or more mndividual elements to perform the functions
described herein.

What 1s claimed 1s:

1. An apparatus comprising:

first circuitry configured to operate at a first frequency;

second circuitry configured to operate at a second 1fre-
quency that 1s different from the first frequency, the
second circuitry for recewving input from, and for pro-
viding output to, the first circuitry;

logic that bridges the first circuitry and the second circuitry,
the logic to enable the second circuitry to appear to run
an 1nteger number of cycles of the first frequency, the
logic for recerving first signals at the first frequency and
for generating second signals at the second frequency,
the second signals for triggering operations performed
by the second circuitry; and

a bulfer circuit bridging the first circuitry and the second
circuitry, the buller circuit comprising a first-in first-out
circuit comprising an input terminal to recerve data from
the second circuitry 1n accordance with a second signal
output by the logic and the second frequency and an
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output terminal to output the data in accordance with a
first signal and the first frequency.

2. The apparatus of claim 1, wherein the logic comprises a

counter, the counter comprising;:

an up-counter circuit to count a number of the first signals;

a pulse generator circuit to generate a pulse 1n response to
reaching the number of the first signals, the pulse having
a width that exceeds a period of the second frequency;
and

an up-down-counter circuit to receive the pulse, to 1ncre-
ment a count by the number, and to down-count from the
number until reaching zero, the down-counter output-
ting a second signal when the count 1s non-zero.

3. The apparatus of claim 1, wherein the buffer circuit 1s
configured to output the data synchronously with the first
frequency and an integer number of cycles behind an 1nitially-
received first signal at the logic.

4. The apparatus of claim 1, wherein the second circuitry
COmMprises:

memory to store opcodes and operands at various
addresses; and

a processing device that 1s configured to operate at the
second frequency and in accordance with an enable s1g-
nal to identily an address of the memory and to output, to
the butler circuit, an address of the memory as the data;

wherein the bufler circuit i1s configured to output the
address synchronously with the enable signal at the first
frequency.

5. The apparatus of claim 4, wherein the first circuitry

COmMprises:

a delay element to receive the enable signal, to delay the
enable signal a number of clock cycles, and to output the
enable signal delayed to the builer circuit.

6. The apparatus of claim 4, wherein the processing device

comprises a sequencer for a pattern generator.

7. The apparatus of claim 1, wherein the second circuitry
COmMprises:

a processing device that 1s configured to operate at the
second Ifrequency and 1n accordance with an enable sig-
nal to output the data to the builer circuait;

wherein the bufler circuit i1s configured to output the
address synchronously with the enable signal at the first
frequency.

8. The apparatus of claim 7, wherein the butfer circuit is a
first buffer circuit and wherein the apparatus further com-
Prises:

a second buffer circuit bridging the first circuitry and the
second circuitry, the second buffer circuit comprising a
first-1n first-out circuit comprising an input terminal to
receive data from the first circuitry at the first frequency
and an output terminal to output the data to the process-
ing device 1n accordance with a second signal output by
the logic and the second frequency.

9. The apparatus of claim 8, wherein the first circuitry

COmMprises:

a delay element to receive the enable signal, to delay the
enable signal a number of clock cycles, and to output the
cnable signal delayed to the first buffer circuat.

10. The apparatus of claim 8, further comprising:

a third buller circuit bridging the first circuitry and the third
circuitry, the third buffer circuit comprising a first-in
first-out circuit comprising an mput terminal to receive
the enable signal from the first circuitry at the first ire-
quency and an output terminal to output the enable sig-
nal to the third circuitry 1 accordance with a second
signal output by the logic and the second frequency.

.
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11. The apparatus of claim 10, further comprising:

a fourth butfer circuit bridging the first circuitry and the
second circuitry, the fourth buifer circuit comprising a
first-1n first-out circuit comprising an mnput terminal to
receive a flag signal from the first circuitry at the first
frequency and an output terminal to output the flag sig-
nal to the second circuitry 1n accordance with a second
signal output by the logic and the second frequency.

12. The apparatus of claim 7, wherein the processing
device comprises a sequencer for a pattern generator.

13. The apparatus of claim 1, wherein the first frequency 1s
greater than the second frequency.

14. The apparatus of claim 1, wherein the second frequency
1s greater than the first frequency.

15. The apparatus of claim 1, wherein the first frequency
and the second circuitry are asynchronous.

16. The apparatus of claim 1, wherein the first circuitry and
the second circuitry together comprise automatic test equip-
ment; and

wherein the second circuitry comprises a pattern generator
for use 1n the automatic test equipment.

17. A method comprising:

operating first circuitry at a first frequencys;

operating second circuitry at a second frequency that 1s
different from the first frequency, the second circuitry
for recerving input from, and for providing output to, the
first circuitry;

using logic, which bridges the first circuitry and the second
circuitry, to enable the second circuitry to appear to run
an 1nteger number of cycles of the first frequency, the
logic for recerving first signals at the first frequency and
for generating second signals at the second frequency,
the second signals for triggering operations performed
by the second circuitry; and

using a buffer circuit, which bridges the first circuitry and
the second circuitry, to receive data from the second
circuitry 1n accordance with a second signal output by
the logic and the second frequency and to output the data
in accordance with a first signal and the first frequency.

18. The method of claim 17, wherein the logic comprises a
counter, the counter comprising;

an up-counter circuit to count a number of the first signals;

a pulse generator circuit to generate a pulse 1n response to
reaching the number of the first signals, the pulse having
a width that exceeds a period of the second frequency;
and

an up-down-counter circuit to receive the pulse, to incre-
ment a count by the number, and to down-count from the
number until reaching zero, the down-counter output-
ting a second signal when the count 1s non-zero.

19. The method of claim 17, wherein the buffer circuit
outputs the data synchronously with the first frequency and an
integer number of cycles behind an mitially-received first
signal at the logic.

20. The method of claim 17, wherein the second circuitry
COmMprises:

memory to store opcodes and operands at various
addresses; and

a processing device that operates at the second frequency
and 1n accordance with an enable signal to 1dentily an

address of the memory and that outputs, to the buifer
circuit, an address of the memory as the data;

wherein the buifer circuit outputs the address synchro-
nously with the enable signal at the first frequency.
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21. The method of claim 20, wherein the first circuitry
COmMprises:

a delay element receiving the enable signal, delaying the
enable signal a number of clock cycles, and outputting
the enable signal delayed to the butler circuit.

22. The method of claim 20, wherein the processing device

comprises a sequencer for a pattern generator.

23. The method of claim 17, wherein the second circuitry

COmMprises:

a processing device that operates at the second frequency
and 1n accordance with an enable signal to output the
data to the butier circuit;

wherein the buffer circuit outputs the address synchro-
nously with the enable signal at the first frequency.

24. The method of claim 23, wherein the buifer circuit 1s a

first butier circuit and wherein the method further comprises:

a second buffer circuit bridging the first circuitry and the
second circuitry, the second butfer circuit comprising a
first-1n first-out circuit comprising an input terminal to
receive data from the first circuitry at the first frequency
and an output terminal to output the data to the process-
ing device 1n accordance with a second signal output by
the logic and the second frequency.

25. The method of claim 24, wherein the first circuitry

COmprises:
a delay element receiving the enable signal, delaying the
enable signal a number of clock cycles, and outputting
the enable signal delayed to the first butier circuit.

10

15

20

25

14

26. The method of claim 24, further comprising:

a third butfer circuit bridging the first circuitry and the third
circuitry, the third buller circuit comprising a first-in
first-out circuit comprising an iput terminal to recerve
the enable signal from the first circuitry at the first fre-
quency and an output terminal to output the enable sig-
nal to the third circuitry 1n accordance with a second
signal output by the logic and the second frequency.

277. The method of claim 26, further comprising:

a fourth buifer circuit bridging the first circuitry and the
second circuitry, the fourth buifer circuit comprising a
first-1n first-out circuit comprising an mput terminal to
receive a flag signal from the first circuitry at the first
frequency and an output terminal to output the flag sig-
nal to the second circuitry 1n accordance with a second
signal output by the logic and the second frequency.

28. The method of claim 23, wherein the processing device

comprises a sequencer for a pattern generator.

29. The method of claim 17, wherein the first frequency 1s

greater than the second frequency.

30. The method of claim 17, wherein the second frequency

1s greater than the first frequency.

31. The method of claim 17, wherein the first frequency

and the second circuitry are asynchronous.

32. The method of claim 17, wherein the first circuitry and

the second circuitry together comprise automatic test equip-

ment; and
wherein the second circuitry comprises a pattern generator

for use 1n the automatic test equipment.
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